1. Animals raised in good environmental conditions are expected to have more resources to invest in immunity than those raised in poor conditions. Variation in immune activity and parasite resistance in response to changes in environmental temperature, population density and food quality have been shown in many invertebrate species. 2. Almost all studies to date have examined the effects of individual variables in isolation. The aim of this study was to address whether environmental factors interact to produce synergistic effects on phenoloxidase (PO) activity and haemocyte count, both indicators of immune system activity. Temperature, food quality and density were varied in a fully factorial design for a total of eight treatment combinations. 3. Strong interactions between the three environmental variables led to the magnitude and in some cases the direction of the effect of most variables changing as the other environmental factors were altered. Overall, food quality had the most important and consistent influence, larvae raised on a good-quality diet having substantially higher PO activity in every case and substantially higher haemocyte counts in all treatments except unheated ⁄ low density. 4. When food quality was good, the larvae showed 'density-dependent prophylaxis': raising their investment in immunity when population density is high. When food quality was poor and the temperature low, however, those larvae raised at high densities invested less in immunity. 5. Increased temperature is often thought to lead to increased immune reactivity in ectotherms, but we found that the effect of temperature was strongly dependent on the values of other environmental variables. PO activity increased with temperature when larvae were raised on good food or when density was high, but when food was poor and density low, a higher temperature led to reduced PO activity. A higher temperature led to higher haemocyte counts when density was high and food quality was poor, but in all other cases, the effect of increased temperature was either close to zero or somewhat negative. 6. Although PO activity and haemocyte count were weakly correlated across the whole data set, there were a number of treatments where the two measures responded in different ways to environmental change. Overall, effect sizes for PO activity were substantially higher than those for haemocyte count, indicating that the different components of the immune system vary in their sensitivity to environmental change. 7. Predictions of the effect of environmental or population change on immunity and disease dynamics based on laboratory experiments that only investigate the effects of single variable are likely to be inaccurate or even entirely wrong.
Introduction
The majority of, if not all, organisms are exposed to parasites during their lifetime and will therefore be selected to maintain an immune system for defence (Kraaijeveld, Ferrari & Godfray 2002) . The optimal defence theory suggests that the resources allocated to immune defence are flexible and obtained from a pool of limited resources that must fuel all fitness-related traits (Feeny 1976; Rhoades 1979; Fagerstrom et al. 1987; Simms and Rausher 1987) . Thus, the resources available to allocate to immune defence must be balanced by the costs suffered to other fitness-related traits (Rigby & *Correspondence author. E-mail: a.m.triggs@qmul.ac.uk Jokela 2000). These costs has been shown to lead to trade-offs between life-history traits and immune defence (Sheldon & Verhulst 1996; Kraaijeveld & Godfrey 1997; Webster & Woolhouse 1999; Rigby & Jokela 2000; Kraaijeveld, Limentani & Godfray 2001; Kraaijeveld, Ferrari & Godfray 2002) , and it is therefore expected that immune responses should be condition-dependent (Sheldon & Verhulst 1996; Lazzaro & Little 2009 ). Those individuals raised in good environmental conditions should therefore have more resources to invest in their immune response than those raised in poor conditions. Evidence is accumulating to support this idea; in invertebrates, density, temperature and diet quality fluctuations have been shown to influence the ability of the immune system to deal with parasitic infection (Feder et al. 1997; Geden 1997; Fellowes, Kraaijeveld & Godfray 1999; Liu, Gebremeskel & Shi 2001; Sigsgaard 2000; Frid & Myers 2002; Wilson et al. 2002) .
As many invertebrates are ectothermic, environmental temperature plays an important role in maintaining bodily functions and an unfavourable environmental temperature can inhibit the immune function of an individual (Blanford & Thomas 1999a,b; Inglis, Johnson & Goettel 1996 , 1997 , with many species of invertebrates showing varying susceptibility to parasitoids and pathogens at different temperatures (Kobayashi, Inagaki & Kawase 1981; Fellowes, Kraaijeveld & Godfray 1999; Liu, Gebremeskel & Shi 2001; Geden 1997; Blumberg 1991; Sigsgaard 2000; Frid & Myers 2002; ) . This temperature effect has been extensively studied by researchers investigating the use of pathogens as biological control agents, and environmental temperature has been shown to affect the virulence of many pathogens in many host systems (Adamo 1998; Blanford, Thomas & Langewald 1998; Blanford & Thomas 1999a,b; Blanford, Thomas & Langewald 2000; Menti, Wright & Perry 2000; Sigsgaard 2000; Olsen & Hoy 2002; Frid & Myers 2002; Blanford et al. 2003) : as an example, a temperature difference as little as 2°C has been shown to be the difference between survival and death of Zonocerus variegates infected with the fungal pathogen Entomoraga grylli (Blanford, Thomas & Langewald 2000) .
As population densities increase, environmental conditions change, and there is an increased risk of infection and of aggressive encounters with others (Anderson & May 1981) . To counter this, some animals are known to allocate more resources to their immune system at high densities: so-called density-dependent prophylaxis (DDP) Wilson et al. 2001 Wilson et al. , 2002 Wilson et al. , 2003 . The best examples of DDP come from phase-polyphenic insects: an increase in haemolymph phenoloxidase (PO) activity in response to higher densities has been shown in the Lepidopteran Spodoptera exempta (the African army worm) Wilson et al. 2001) , and desert locusts (Schistocerca gregaria) raised under crowded conditions are more resistant to fungal infection and have a raised haemolymph antimicrobial activity (Wilson et al. 2002) .
Food quality has also been shown to influence the invertebrate immune system in a number of ways. Insects that have been forced to increase their immune investment by an immunogenic challenge have reduced survival when starved (Moret & Schmidt-Hempel 2000; Hoang 2001 ) and starved insects often have reduced immune system function (Siva-Jothy & Thompson 2002; Welburn, Maudlin & Ellis 1989; Kubi et al. 2006; Campero et al. 2008) . Food quality can also affect the numberor quality of the components that makeup the immune system (Szymas & Jedruszuk 2002) . For example, larvae of Rhodnius prolixus kept on blood plasma rather than their usual diet of whole blood had a significantly reduced antimicrobial activity, produced significantly lower amounts of antimicrobial peptides and were less resistant to bacterial infection (Feder et al. 1997) , and Spodoptera littoralis larvae fed a lowerprotein diet have a lower resistance to viral attack than those feda higher-protein diet,andthey can'self-medicate' bychoosing to eat higher-protein foods when infected (Lee et al. 2006) . In addition to simple effects from limited availability of protein, lipids and carbohydrates, the availability of micronutrients can also influence immune investment; for example, an important function of diet and feeding is the intake of antioxidants.Melanization reactionsandthe process ofencapsulating an injury site or an intruder produce free radicals that can be responsible for invertebrate cell damage (von Schantz et al. 1999; Nappi et al. 1995; Sadd & Siva-Jothy 2006) . It has been shown that high levels of PO activity can be detrimental to longevity and survival (Schwarzenbach and Ward 2006) and that the immune system can cause damage to the tissues of the invertebrate itself (Sadd and Siva-Jothy 2006) . This suggests that PO activity may not rise dramatically under good conditions owing to the limiting effect of autoimmunity; however, intake of antioxidants through diet could ameliorate this cost of mounting an immune response (Johnson & Felton 2001; Ojala et al. 2005; Babin, Clotilde & Moret 2010) .
There is therefore a reasonable amount of evidence of the impact of individual environmental variables on invertebrate immune system function, but in the field, it will be rare for one environmental factor to vary completely independently of others. Whether environmental factors interact to produce synergistic effects on the immune response is therefore an important question because if they do, then predictions from laboratory studies where animals are kept in otherwise constant environments with only one factor varying might be unreliable. To address this issue, we used the Indian meal moth Plodia interpunctella (Hu¨bner) as a model system and compared two immune system indicators (haemocyte count and PO activity) between groups of animals raised in different environmental conditions. The density of haemocytes reflects the ability of an individual to encapsulate a wound site or intruder, as well as resist bacterial and viral attack (Eslin & Pre´vost 1996) , while PO is the enzyme responsible for producing the pigment melanin. Melanization is a key part of encapsulation, and PO activity has been shown to correlate with the ability of many insects to resist attack by pathogens (Rowley, Brookman & Ratcliffe 1990; Ourth & Renis 1993; Hagen, Grunewald & Ham 1994; Hung & Boucias 1996; Nigam et al. 1997; Reeson et al. 1998; Wilson et al. 2001; Cotter et al. 2004 ; although see Saejeng et al. 2010) .
We manipulated the temperature, density and food quality in which the P. interpunctella were raised. From the known effects of these variables discussed above, it is possible to predict their effects on P. interpunctella in isolation: first, given that P. interpunctella reared on the poor diet used here have lower pupal weight, reduced fecundity and produce smaller eggs (A. Triggs and R.J. Knell, unpublished data), the poor-quality food used should produce individuals in poorer bodily condition and with a lower immune system response than those fed high-quality food. Secondly, higher densities should lead to increased investment in immune function as a prophylactic effect, and thirdly, as a small increase in temperature has been shown to increase the ability to fight infection (Blanford, Thomas & Langewald 2000) , it is predicted that those individuals raised at higher temperatures should have higher immune activity.
When more than one of these variables changes, however, the effects are harder to predict. For example, while well-fed larvae might invest more in immunity at high densities, will larvae that are already short of resources because their food supply is poor be able to do the same? If the main effect of the poor diet is energetic restriction, then higher metabolic rates at higher temperatures will exacerbate the effects of the poorer diet quality; however, if the main effect of diet quality is attributable to restriction of specific restriction, it will only affect those immune traits that require those particular components of the diet. High temperature and high density are predicted to lead to increased immune reactivity, but will the two together have additive or synergistic effects? To examine the way that these three variables interact, we carried out a fully factorial experiment, altering all three variables together to allow us to estimate interaction effects and main effects.
Materials and methods

S T U D Y A N I M A L
Plodia interpunctella is a small (approx. 1 cm length) moth that is found globally as a pest of stored food (Tzanakakis 1959) . Processed grains, especially wheat, are preferred, but dried fruit, legumes, nuts, pulses and vegetables will also be consumed (Williams 1964; Sedlacek, Weston & Barney 1996; Perez-Mendoza & Aguilera-Pen 2004; Na & Rayoo 2000) . A stock culture of P. interpunctella was started using moths from three different cultures in the UK: an outbreeding culture maintained in the laboratory at the University of Liverpool for 5 years and before that at Imperial College at Silwood Park for 10 years, a second culture from the University of Sheffield and the third was a culture already maintained at Queen Mary University of London. The resulting population was reared under a 12L ⁄ 12D light regime at 27°C and fed on 10 : 1 : 1 ratio organic wheat bran (sourced from true loaf bakery): brewers yeast (Holland & Barrett, Nuneaton, UK): glycerol (VWR) for 14 generations. For each generation, eggs were collected from at least 200 adults, and these eggs were allowed to grow to adulthood with unlimited food. There have been no signs of disease in the colony to date.
E X P E R I M E N T A L D E S I G N
The variables manipulated were temperature (30°C vs. 27°C), food quality (normal diet vs. poor diet with half as much yeast and glycerol) and density (three individuals per group vs. 10 individuals per group). These were varied in a full factorial design for a total of eight treatment combinations. Fifty groups of larvae were reared per treatment.
Over 300 adult moths from the stock culture were allowed to mate and the females to oviposit. The eggs from all the females were pooled and randomly allocated to one of the eight treatment combinations. Each group of eggs was counted into 55-mm Petri dishes and provided with ad libitum food of the appropriate quality. A square of mesh was secured across the top of each Petri dish with two elastic bands to prevent the larvae escaping, and the lid of the Petri dish was closed on top of this to prevent moisture loss from the food. The food was checked daily for signs of mould, and none was ever observed. Larvae were raised in a 27°C controlled-temperature room under a 12:12 light ⁄ dark cycle. For the treatments with a raised temperature, the Petri dishes were placed in a single layer on a thermostatically controlled heat mat (BioGreen HMT 060-200 ⁄ GB 263W, Bio Green OHG, Bischoffen-Oberweidbach, Germany) covered with a layer of aluminium foil to help distribute heat evenly across the mat. A thermostat, placed into a Petri dish filled with food medium on the heat mat, was used to keep the temperature constant; temperature was also measured and recorded throughout the experiment using a digital thermometer placed into the food medium in a dish replicating the experimental Petri dishes. Unheated treatments were placed on a similar mat that was not turned on. This design obviously introduces a degree of pseudoreplication, but we tried to reduce any confounding effects by moving the Petri dishes around on the mats several times during rearing and by keeping the heated and unheated mats next to each other on a single laboratory bench.
I M M U N E F U N C T I O N M E A S U R E M E N T S
Haemolymph samples were collected from 379 P. interpunctella, 120 and 113 from the high-density treatments, high-quality and low-quality food, respectively, and 72 and 70 from the low-density treatments, high-quality and low-quality food, respectively. The haemolymph was collected at day 20 of development in the high-temperature treatment and day 23 of the lower-temperature treatment: these timings were chosen so that larvae were in the same developmental stage, namely late 5th instar at the start of the prepupal wandering stage. All larvae were weighed, and a 2-to 3-lL sample of haemolymph was extracted. This was done by piercing each individual between the final thoracic legs and the first prolegs with a fine needle and allowing a small amount of haemolymph to pool onto Parafilm.
One microlitres of the haemolymph was transferred to a 0AE2-mL PCR tube using a capillary tube. Seven microlitres of phosphate-buffered saline (PBS), pH 6AE8, was added to each haemolymph sample and thoroughly mixed. All 8 lL of this mixture was then pipetted onto a haemocytometer. All the squares on the haemocytometer were counted and summed to give an estimate of the haemocyte density for each individual.
P H E N O L O X I D A S E A C T I V I T Y A S S A Y
Phenoloxidase is present in the insect both as an inactive form (prophenoloxidase, or proPO) and as the active form, usually referred to as just PO. We chose to assay the activity of PO without converting the proPO to PO because this is the measure that has been shown to correlate with resistance to parasites in most cases (e.g. Nigam et al. 1997; Reeson et al. 1998; Wilson et al. 2001; Cotter et al. 2004) . One microlitres of the haemolymph was transferred to a Environmental interactions and immunity 3 Ó 2011 The Authors. Journal of Animal Ecology Ó 2011 British Ecological Society, Journal of Animal Ecology 0AE2-mL PCR tube using a capillary tube, 10 lL PBS, pH 6AE8, was added, and the samples were frozen to disrupt the haemocytes. When they were defrosted, samples were vortexed and transferred to a 96-well U-bottom microtitre plate (Sterilin, Newport, UK) kept on ice. Hundred microlitres of 5 mm dopamine was added to each sample, and plate was read on a temperature-controlled spectrophotometer, using a 492-nm filter at 28°C (Ascent Software version 2.6; Thermo Labsystems Multiskan Ascent, Thermo Fisher Scientific, Waltham, Mass, USA). The difference in absorbance over a 20-min period was used because preliminary experiments indicated that this provided a good estimate of activity during the linear phase of the reaction.
A N A L Y S I S
In a design like this, the unit of replication is the group rather than the individual larva, so mean values were calculated for each Petri dish and the analysis carried out on these. General linear models were fitted to the immune function data with temperature, density and food quality plus all interactions as explanatory variables, plus weight as a covariate. PO activity was square-root-transformed to reduce heteroscedasticity and normalize errors. Non-significant terms were removed following deletion tests (Crawley 2002) to leave a minimal adequate model.
To aid in the visualization of the effects of the various environmental variables, dimensionless effect sizes (Nakagawa & Cuthill 2007) were calculated for PO activity (square-root-transformed), haemocyte count and weight for each environmental variable for all four combinations of the other two: thus, the effect of increasing food quality was calculated for all four combinations of density and temperature, and the effect of increasing density for all combinations of food quality and temperature was also calculated. Equation 3 of Nakagawa and Cuthill was used for the effect size calculations, and the R script provided by Nakagawa and Cuthill and available at http://www.bio.bris.ac.uk/research/behavior/effectsize.htm was used to calculate 95% confidence intervals. All analyses were performed using R version 2.8.1 for Macintosh (R Development Core Team 2009).
Results
Initial model fits indicated that a single data point in the haemocyte data was a serious outlier, with a value far outside the normal range for this variable and that seemed to be the result of an error in recording, so this single data point was excluded from the analysis. When the model was refitted without this data point, there was a significant three-way interaction between density, food quality and temperature (F 1,83 = 7AE73, P = 0AE007; Table 1 ) affecting haemocyte count, but weight was not significant and was removed (F 1,83 = 0AE30, P = 0AE59). PO activity (Table 2 ) was determined by three significant two-way interactions: food quality and density (F 1,56 = 15AE59, P < 0AE001), density and temperature (F 1,56 = 20AE13, P < 0AE001) and food quality and temperature (F 1,56 = 12AE06, P = 0AE001). Weight was once again non-significant and was removed (F 1,56 = 0AE12, P = 0AE28). When weight was analysed separately as a response variable (Table 3) , two significant two-way interactions were apparent: temperature and density (F 1,86 = 8AE01, P = 0AE005) and temperature and food quality (F 1,86 = 17AE07, P < 0AE001).
These complex interactions between environmental variables are best visualized with the pairwise effect sizes, which are shown for all three variables in Fig. 1 .
H A E M O C Y T E C O U N T
Food quality had the simplest effect on haemocyte count, as demonstrated by its significant main effect (Table 2) . Deleted terms: Temperature ⁄ density ⁄ food: F 1,58 = 1AE182, P = 0AE281; weight: F 1,59 = 0AE108, P = 0AE744. Larvae raised on the good-quality diet had higher haemocyte counts in every case except in the unheated ⁄ low-density treatment. In addition to this strong main effect, food quality interacted with both density and temperature, and as can be seen in Fig. 1 , the strength of the effect of increasing food quality varied substantially, with the strongest effect being seen when the animals were unheated and the temperature was high. Regarding density, in most cases, the larvae from the highdensity treatments had higher haemocyte counts (Fig. 1) .
The three-way interaction between density, temperature and food quality is evident here as well however, and when food quality was poor and the temperature was low, the effect of increasing density was reversed.
A higher temperature was only associated with higher haemocyte counts when food quality was poor and density was high (Fig. 1) ; in most other treatment combinations, haemocyte count was lower in those larvae raised at a higher temperature or was unaffected by temperature (as in the lowdensity ⁄ good food treatment). Deleted terms: Food quality ⁄ density: F 1,87 = 0AE558, P = 0AE457; temperature ⁄ food quality ⁄ density: F 1,88 = 0AE968, P = 0AE328.
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P H E N O L O X I D A S E A C T I V I T Y
Larvae raised on the good-quality diet had much higher PO activity in every case, with estimated effect sizes in excess of four in three of four cases (Fig. 1) . In addition to this strong main effect, food quality also interacted with both density and temperature, and these two variables also interacted with each other to produce a complicated pattern of different effects.
Increasing density when food quality was good led to higher PO activity only when the larvae were heated. When food quality was poor, the effect of increasing density changed, with a small positive effect observed in the heated treatment, but in the unheated treatment, a strong negative effect, with the low-density treatments expressing higher PO activity (Fig. 1) .
When density was high, increasing temperature led to higher scores for PO activity. When density was low, however, increasing temperature led to either a small positive effect when food quality was good or a strong negative effect when the food was poor (Fig. 1) .
W E I G H T
As with PO activity, increasing food quality led to heavier larvae in every case (Fig. 1) , with the significant temperatureby-food interaction being shown by the very strong effects in the unheated treatments (effect size 2AE4 for low density and 3AE4 for high density). The density-by-temperature interaction can also be clearly seen in the top panel of Fig. 1 , with increasing density having a small or no effect on weight in the unheated treatments but strong negative effects in the heated treatments. Increasing temperature led to decreased weight in most cases, with a particularly strong effect in the highdensity ⁄ good food treatment, but there was essentially no effect of increased temperature on weight in the poor food ⁄ low-density treatment.
C O M P A R I N G T H E R E S P O N S E S O F P O A C T I V I T Y A N D H A E M O C Y T E C O U N T
The two components of the immune system that we measured did not always respond in the same way to environmental changes. Although PO activity correlated with haemocyte count in the data set as a whole (r = 0AE375, 60 d.f., P = 0AE0026), there were some combinations of environmental variables where only one component of the immune system was affected: for example, increasing food quality in the low-density ⁄ unheated treatment caused a substantial increase in PO activity but did not affect haemocyte count, and increasing density in the good food: unheated treatment caused a considerable increase in haemocyte count but had little effect on PO activity. Furthermore, the magnitude of the effects of the various environmental factors on the two variables and on weight differed, with PO activity generally showing substantially larger effect sizes than haemocyte count and weight, having effect sizes intermediate between the two (Fig. 2, anova, F 2 ,33 = 4AE30, P = 0AE0219, absolute effect size log-transformed to correct heteroscedasticity).
Discussion
Like many other studies, we find that the environment experienced by a developing animal has a profound effect on its immune system. The data presented here extend our understanding by demonstrating that the effects of the three environmental factors that we investigated are dependent not only on the level of the individual factor but also on other aspects of the environment. This leads to a rich variety of final effects, with the effects of one variable sometimes even being reversed when another variable changes.
The main effect of food quality, with larvae raised on the better food mostly having stronger immune reactivity, is what would be predicted from the resource allocation theories discussed in the introduction, whereby the limited pool of resources available to a developing animal means that investment in any one fitness component, such as immunity, must be traded off against investment in others (Sheldon & Verhulst 1996) owing to resource constraints on the individual. Environmental conditions such as temperature and population density act to further constrain the developing larvae and to limit their ability to invest in immunity. The nature of the interactions between food quality and density also make sense in the light of resource allocation theory.
The increased immune investment found in larvae reared at high densities under most combinations of food quality and temperature is consistent with the DDP hypothesis, which predicts that there should be an increase in investment in immunity at high population densities, a phenomenon that has been described from a number of other insect systems 2000; Wilson et al. 2002 Wilson et al. , 2003 . In the unheated treatment, however, poor food quality led to lower immune reactivity at higher densities, apparently reversing the effect of density: it appears that when resources are plentiful, the larvae invest more into immunity at higher densities, but that the combined impact of both high density and poor food leads to severe resource limitation that prevents them from investing in immunity. As food was provided ad libitum, there should not have been any direct competition for food; however, those raised at high density might have spent more time and energy on aggressive encounters with others rather than on feeding and growing.
The contrast between the effects of density on immune reactivity and weight is also noteworthy. In unheated treatments, increasing density had little effect on weight, whereas in the heated treatments, increasing density led to a negative effect on weight but positive effects on both immune parameters. It is possible that this is the consequence of these animals trading off investment in body size against investment in immunity at higher temperatures, but as the effect sizes are similar for both food treatments, this seems unlikely: a more parsimonious explanation is that at high temperatures, weight and immunity respond differently to density because they are controlled by different developmental mechanisms rather than because they are directly coupled by resource availability.
A number of previous studies have found that insects with a higher body temperature are more likely to survive viral, fungal, bacterial, microsporidial and even macroparasitic infections (Blanford, Thomas & Langewald 2000; Carruthers et al. 1992; Kobayashi, Inagaki & Kawase 1981; Mohamed, Coppel & Podgwaite 1985; Adamo 1998; Olsen & Hoy 2002; Frid & Myers 2002; and that they even behaviourally induce 'fever' when they are infected (Karban 1988; McClain, Magnuson & Warner 1988; Watson, Mullens & Petersen 1993; Adamo 1998; Blanford, Thomas & Langewald 1998) . Direct effects of temperature on haemocyte counts have also been reported: a gradual increase in temperature from 10 to 20°C caused a significant increase in haemocyte number in the crab Carcinus maenus (Truscott & White 1990) , and total haemocyte number was found to be significantly higher in the two crayfish species Pacifastacus leniusculus and Astacus astacus when kept at 18°C rather than at 4°C (Jiravanichpaisal, So¨derha¨ll & So¨derha¨ll 2004) . These results might lead us to expect a general increase in immune investment in the high-temperature treatments, but we found that higher temperatures could lead to both increases and decreases in immune reactivity and that in the case of the good food ⁄ high-density treatment, the different components of the immune system responded very differently to temperature.
It is possible that some of the effects of temperature were attributable to larvae at the higher temperatures becoming more dehydrated, but we consider this unlikely: the temperature differences were not large, all experimental dishes had plastic lids that would minimize evaporation, and Plodia are a pest of dried, stored grain products and appear to be able to survive with very little dietary water intake (Williams 1964; Sedlacek, Weston & Barney 1996; Perez-Mendoza & Aguilera-Pen 2004; Na & Rayoo 2000) .
Even when the increased temperature did lead to an improved immune response, there could still have been a cost to the animal. Individuals with a larger body size tend to have increased fitness and fecundity than smaller individuals from the same population (Bonner 2006) , and those raised at a hotter temperature often reach a smaller body size than those raised at a cooler temperature (Kingsolver & Huey 2008) . This was the case in this study where, in most cases, the P. interpunctella larvae raised at the higher temperature were lighter, especially in the good food treatments, perhaps owing to faster development rates (Johnson, Wofford & Whitehand 1992) . Smaller sizes with higher temperatures are not always the case: in the poor food ⁄ low-density treatment, increasing temperature had no effect on larval weight, and there are reports from the literature of increasing temperature leading to larger body sizes in other lepidopteran species such as Parasemia plantaginis, which has a slower development time and lower growth rate at colder temperatures (Lindstedt, Lindstrom & Mappes 2009 ). This suggests that the response of growth to temperature is rather species specific. Because fecundity increases with body size across many insect taxa (Honeˇk 1993) , it is possible that, in our study, individuals raised at higher temperatures pay a cost in the form of reduced fecundity, although we should note that Johnson, Wofford & Whitehand (1992) showed that P. interpunctella raised on a bran diet at 31AE7°C produced more progeny than those raised at 25 and 28AE3°C.
The analysis using effect sizes allows a direct comparison of the way that two components of the immune system, plus body weight, respond to environmental changes. Immunity is usually regarded as being 'condition-dependent' and sensitive to changes in resource availability and other aspects of an animal's environment (e.g. Møller et al. 1998; Siva-Jothy & Thompson 2002) . These results show that the strength of condition dependence varies widely between components of the immune system; the mean effect size for haemocyte count in this experiment was 0AE80, whereas that for PO activity was 2AE27 (Fig. 2) . All of these are 'large' effects by the criteria proposed by Cohen (1998, see also comments on these criteria in Nakagawa & Cuthill 2007) , but the difference between haemocyte count and PO activity emphasizes the dangers in regarding immune reactivity as a single, measurable variable.
This study demonstrates the importance of considering interactions between different environmental variables when trying to understand the evolutionary ecology of immune responses. When an individual variable is studied in isolation, important interactions and their effects may be overlooked, and these interactions could cause laboratory studies, where animals are kept in otherwise constant environments, to produce unreliable predictions of immune function in natural systems. One obvious example where the lessons from the present study indicate caution is the predictions for how anthropogenic climate change on Earth might affect host ⁄ pathogen dynamics and infection rates. Some studies Environmental interactions and immunity 7 predict an increase in pathogen virulence owing to accelerated growth and increased transmission rates (Harvell et al. 2002; Mydlarz, Jones & Harvell 2006) , while others have predicted reductions in virulence, owing to the parasite no longer being at optimum temperature or to improved host immune system function associated with a higher temperature . Our study shows that a small temperature increase can produce an effect on invertebrate immune system function, but that the nature of the effect of temperature will depend on other environmental effects, meaning that future changes in host ⁄ pathogen dynamics in natural environments are likely to be less predictable than we might hope.
